During the summer of 2015, New York, New York, USA, had one of the largest and deadliest outbreaks of Legionnaires' disease in the history of the United States. A total of 138 cases and 16 deaths were linked to a single cooling tower in the South Bronx. Analysis of environmental samples and clinical isolates showed that sporadic cases of legionellosis before, during, and after the outbreak could be traced to a slowly evolving, single-ancestor strain. Detection of an ostensibly virulent Legionella strain endemic to the Bronx community suggests potential risk for future cases of legionellosis in the area. The genetic homogeneity of the Legionella population in this area might complicate investigations and interpretations of future outbreaks of Legionnaires' disease. L egionella spp. are ubiquitous in nature, live in soil and water, and frequently inhabit human-made water distribution systems, hot water tanks, decorative fountains, and cooling towers (1, 2) . Persons with underlying health conditions, such as chronic lung disease, or those with compromised immunity are at increased risk for contracting Legionnaires' disease (LD) (also referred to as legionellosis). Signs and symptoms typically include fever, cough, and chest pain; LD is fatal in ≈5%-10% of cases (3, 4) . Transmission of Legionella pneumophila is believed to occur mainly through exposure to contaminated aerosols and not from other infected persons; to date, only 1 case of humanto-human transmission has been documented (4, 5) .
LD was initially detected in 1976, when an outbreak of illness occurred during a meeting of the American Legion in Philadelphia, Pennsylvania, USA; 221 cases were identified, and 34 infected persons died (6) . The outbreak, which remains the largest community-associated outbreak of LD in United States, was later linked to the cooling system of the hosting hotel, and a bacterium classified as L. pneumophila serogroup 1 was subsequently isolated from 4 persons (7, 8) .
In the summer of 2015, a large community-associated LD outbreak affected persons who resided or traveled through a large area in the South Bronx region of New York, New York, USA. During July 2-August 3, a total of 138 adults with LD were linked to the outbreak; 128 patients required hospitalization, and 16 deaths occurred (Figure 1) . A joint laboratory investigation to find the source of this outbreak was performed by the New York City Department of Health and Mental Hygiene and the Public Health Laboratory (NYC PHL), the Wadsworth Center (WC) of the New York State Department of Health (Albany, NY, USA), and the Centers for Disease Control and Prevention (CDC; Atlanta, GA, USA).
Pulsed-field gel electrophoresis (PFGE), realtime PCR, sequence-based typing (SBT), and wholegenome sequencing (WGS) were used to characterize human and environmental L. pneumophila isolates from the investigation. Epidemiologic data and water testing by PCR quickly led to identification of a cooling tower located on the roof of a South Bronx hotel as a potential source of this outbreak (9) . However, L. pneumophila isolates recovered from a sample taken later during the outbreak from a homeless shelter located in the vicinity of the South Bronx hotel and other facilities within the outbreak zone were found to have PFGE and SBT patterns identical to that of the outbreak strain, raising the possibility that the South Bronx hotel might not have been the only source of an aerosolized Legionella species associated with cases of legionellosis. Our finding of highly related L. pneumophila isolates in multiple environmental samples and from past LD outbreaks suggests the presence of a potentially pathogenic endemic strain in the Bronx community.
Methods

Water Samples and Clinical Isolates
Initially, water and swab samples were collected by the New York City Department of Health and Mental Hygiene and split between the WC and the NYC PHL. Later in the outbreak, water and swab samples were also collected by the New York State Department of Health and submitted to WC. Samples were processed as described (9) , except for a subset of samples, including swab samples and visibly complex samples, that were not concentrated by centrifugation but tested directly. Clinical isolates were received by the NYC PHL and forwarded to WC. A subset of water and clinical isolates was sent to CDC for SBT analysis or sequencing by using the RSII Platform (Pacific Biosciences, Menlo Park, CA, USA). SBT was performed according to the European Society of Clinical Microbiology and Infectious Diseases (Basel, Switzerland) Study Group for Legionella Infections Scheme (10, 11) .
Extraction of DNA
Nucleic acid extraction was performed for water and swab samples by using a modified Masterpure DNA Isolation Kit procedure (Epicentre, Madison, WI, USA) (12) . In brief, for each extraction, a 1.2-1.5 McFarland suspension of the isolate in sterile water was centrifuged for 10 min at 7,500 rpm. A volume of 950 μL of supernatant was removed, leaving 50 μL. A total of 300 μL of 2× tissue and cell lysis buffer containing 1.5 μL of proteinase K was then added to each sample. Each extraction incorporated a negative extraction control that consisted of 50 μL of sterile water. The DNA was resuspended in 100 μL of 10 mmol/L Tris. Concentrations of the DNA were quantified by using the Qubit ds DNA HS Assay Kit (Thermo Fisher Scientific, Waltham, MA, USA) according to the manufacturer's instrctions, with the Qubit 2.0 fluorometer before WGS. Updates to the protocol include the addition of an internal inhibition control.
PCR Screening
We tested processed samples for Legionella DNA using real-time PCR with a newly validated and more comprehensive procedure than that previously published (12, 13) to rapidly screen samples for prioritizing culture efforts. This assay detects and differentiates Legionella spp., L. pneumophila, and L. pneumophila serogroup 1 and uses an internal control to assess for inhibitory substances in the sample.
Culture of Water Samples
Samples in which L. pneumophila serogroup 1 was detected were processed and cultured at WC and NYC PHL by using standard methods. Isolates were identified as L. pneumophila serogroup 1 by using direct fluorescent antibody testing or real-time PCR. All L. pneumophila serogroup 1 isolates were initially typed by using digestion with Sfi1 and pulsed-field gel electrophoresis (PFGE) as described (14) .
WGS
DNA sequencing was performed by using the MiSeq platform (Illumina, San Diego, CA, USA) at the WC Applied Genomic Technologies Core and the RSII platform (Pacific Biosciences) at CDC. Individual sample libraries were prepared by using a Nextera XT protocol (Illumina) for sequencing. PacBio-compatible libraries were constructed by using 8 μg of sheared genomic DNA (≈15 kb) prepared by using the SMRTbell Template Prep Kit 1.0 (product number [PN] 100-259-100; Pacific Biosciences) according to the manufacturer's protocol (PN 100-092-800-06), the PacBio Binding Calculator version 2.3.11, the DNA Polymerase Binding Kit P6 version 2 (PN 100-372-700), and the MagBead Kit (PN 100-133600).
Sequencing runs were performed with a 2-kb DNA internal control (PN 100-356-500), 240-min movie time, and stage start with a DNA Sequencing Reagent Kit 4.0 (PN 100-356-400). Final library size was confirmed by using the Agilent Tapestation 2200 and the Genomic DNA ScreenTape (5067-5365 and 5067-5366). Hierarchical Genome Assembly Process version 3 was used to construct the complete L. pneumophila genome sequences (15) . The expected genome size was set to 3.4 Mb and target genome coverage parameter was set to 15×. The minimum subread length value was adjusted to decrease genome coverage to the recommended 100×-150× for microbial genomes (16) . Genome closure was performed by identifying and trimming nucleotide overlap at the ends of the single assembled contig sequences with Gepard version 1.3 (17) , and the reformatted genome sequence was used as input for the RS-ReSequencing protocol in the SMRT analysis portal to construct the polished genome sequence.
To confirm nucleotide accuracy, we aligned paired-end Illumina data for each sequenced isolate to its respective PacBio polished sequence by using Bowtie version 2.1.0 (18). We used Samtools version 0.1.18 (19) and FreeBayes version 0.9.21 (20) to identify nucleotide discrepancies between the 2 types of data. We resolved any discrepancies with the Illumina dataset and used VCFtools version 0.1.11 (http://vcftools.sourceforge.net/) to construct the final consensus sequence by using both data types (21) . We deposited the closed genome sequence of the South Bronx outbreak strain F4469 in GenBank (accession no. CP014760). All raw Illumina reads used in this study are available in BioProject (accession no. PRJNA345011) (https://www. ncbi.nlm.nih.gov/bioproject/).
Bioinformatics Analysis
We mapped raw reads to the South Bronx outbreak strain F4469 by using BWA MEM version 0.7.5a-r405 (22) . Single-nucleotide polymorphisms (SNPs) were called by using Samtools/BCFtools version 0.1.19-44428cd (19), a minimum of Q20 for mapping quality and basecall quality, 10× minimum depth, and 95% of allele read agreements. Positions where >1 of the samples were found to have a mutation was manually verified and used to build a SNP alignment. Positions with ambiguous calls in any of the samples were discarded. We imported the resulting alignment into PHYLOVIZ (23) and built a minimum spanning tree by using the GoeBURST full minimum spanning tree algorithm (https://github.com/apetkau/microbial-informatics-2014/tree/master/labs/mst). Presence of plasmids was verified by performing de novo assemblies of different isolates in SPAdes version 3.7.0 (24) and compared by using Mauve (25) . Recombination events were determined by finding regions of enriched SNP density by using a probability density function calculation and Fastgear (26) . Blast ring genome comparisons were made by using BRIG (27) .
Results
WC tested 289 cooling tower water samples from 183 cooling towers by real-time PCR during this outbreak investigation. A total of 162 (88.5%) cooling towers were positive for Legionella species DNA. L. pneumophila DNA was detected in 87 (47.5%) cooling towers; 52 (28.4%) cooling towers were positive L. pneumophila serogroup 1, and 21 (11.5%) showed negative or inconclusive results.
On the basis of the amount of DNA present, which was determined by the initial PCR screening, 26 cooling tower water samples were cultured during July 28-August 14, 2015. We identified 10 culture-positive cooling towers from which 15 L. pneumophila serogroup 1 isolates were subjected to PFGE. In addition, culture at NYC PHL identified isolates from a homeless shelter cooling tower that were identical by PFGE and included in this analysis. These L. pneumophila serogroup 1 PFGE results showed 7 PFGE patterns (Figure 2 ). Of these isolates, PFGE showed that those from the South Bronx hotel and the homeless shelter were identical to clinical isolates. SBT analysis showed that these isolates also had the same sequence type (i.e., 731).
WGS was used in real time during the course of the South Bronx LD outbreak as a confirmatory method and to provide additional insight on the source. The investigation also subsequently used WGS to help clarify whether the outbreak strain could have been present at other locations during the outbreak or at other times in the past. A total of 156 isolates of L. pneumophila serogroup 1 were available from culture performed at the WC, NYC PHL, and hospital laboratories (115 environmental and 41 clinical isolates from 26 patients, of which 35 were respiratory and 6 were postmortem specimens from 3 patients). These isolates were sequenced and analyzed by using an in-house bioinformatics pipeline developed at the WC.
Most (106/115) of the environmental L. pneumophila serogroup 1 isolates sequenced did not closely match any of the clinical L. pneumophila serogroup 1 isolates suspected to be part of this outbreak, and differed by several thousand SNPs over the 3. (9) , and WGS showed that they contained 1-5 SNP differences compared with the South Bronx hotel isolate.
Four environmental isolates (3 isolates from the same homeless shelter and 1 from an East Bronx College) obtained during the investigation of the South Bronx outbreak ( Figure 2) were nearly identical to the South Bronx hotel isolate, each differed by only 1 or 2 SNPs from the South Bronx hotel isolate and from one another. All 3 isolates from the homeless shelter had the same unique SNP that was absent from all clinical and environmental isolates linked to the South Bronx hotel. Moreover, the East Bronx College isolate, which was obtained from a site several kilometers from the South Bronx hotel, was identical by WGS to 1 South Bronx clinical isolate . Five other clinical isolates (15-288, 15-215, 15-157, 15-158, and 15-202) had SNP profiles that were closer to the isolate obtained from the East Bronx College than to the isolate obtained from the South Bronx hotel. Together, these observations suggest that 1) the South Bronx hotel cooling tower, and no other cooling towers, was most likely the source of the South Bronx outbreak; and 2) cases not epidemiologically linked with the outbreak might have originated from other environmental sources.
We also completed WGS for 10 historical clinical isolates of L. pneumophila serogroup 1 DNA from New York, New York, and included 3 genome sequences from a previously published study (14) that reported identical or similar PFGE patterns and sequence types with those of the South Bronx hotel outbreak strain. These genomes differed by <5 SNPs from those of the South Bronx hotel isolates. The oldest L. pneumophila serogroup 1 isolate, dating back to 2007, had only 3 SNP differences, indicating that the isolate that caused the current outbreak had been present in the Bronx for >8 years. Two clinical isolates and 1 environmental isolate (NH1, NH2, and NH3) obtained during an outbreak in a Bronx nursing home in 2011-2012 were also found to be closely related to the South Bronx hotel isolate (<3 SNP differences), which indicated that this isolate caused >1 previous outbreaks of LD. WGS comparison of 4 other clinical isolates (09-214, 10-351, 10-423, and 10-458) from 2009 and 2010 showed an SNP profile that was identical to that of 3 of the clinical isolates from 2015 (15-157, 15-158, and 15-202) not epidemiologically linked to the South Bronx hotel-associated outbreak. These 2015 clinical isolates differed by 3 SNPs from the South Bronx hotel isolate, which suggested that patients might have been infected by an independent source that was not identified. In addition to SNPs, other genomic differences, such as the presence of plasmids or large indels, were also detected in some of the genomes analyzed.
WGS analysis of 6 L. pneumophila serogroup 1 isolates from a second, late summer outbreak in 2015 in the East Bronx neighborhood (15 cases, 4 clinical isolates, and 2 environmental isolate sequences) that was not suspected to be linked with the July outbreak, was confirmed to be unrelated (1,038 SNP differences) when compared with the South Bronx hotel outbreak strain. However, closer examination of locations of the SNPs showed that most differences were highly clustered in a few genomic locations, rather than being randomly dispersed throughout the genome, and might have been the result of recombination events. Only 8 SNP differences remained when these recombination locations were omitted. Clustering of SNPs in an otherwise isogenic background suggests that the East Bronx and South Bronx strains only recently diverged after horizontal gene transfer events. WGS was the only method powerful enough to discriminate between South Bronx hotel and all the other environmental isolates, including the homeless shelter, and confirmed the South Bronx hotel cooling tower as the source of this outbreak.
Discussion
This outbreak investigation represents a large-scale testing effort by the NYC PHL, WC, and CDC public health laboratories. As reported by Weiss et al. (9) , the environmental and epidemiologic investigation provided a comprehensive set of samples and specimens for laboratory testing.
Large outbreaks of LD can occur in areas of high population density that are near human-made reservoirs and mechanisms of aerosolization, such as cooling towers (28) (29) (30) . Preventing or controlling such outbreaks in urban areas is further complicated by the presence of multiple potential reservoirs, which present substantial challenges when attempting to determine the exact point source. In a metagenomics survey of air samples obtained in New York, New York, Legionella was the predominant genus identified in samples collected on the rooftop of an office building overlooking midtown Manhattan (31) . Further complicating epidemiology studies, it has been shown that aerosols containing L. pneumophila are capable of infecting persons residing at a distance of >6 km from the contaminated source (32) .
Our findings of similar L. pneumophila strains at multiple locations and over extended periods is consistent with results of these studies and further suggest that L. pneumophila is capable of long-term survival in multiple reservoirs over large areas in an urban environment. The tree was created by using single-nucleotide polymorphism (SNP) differences found across all isolates. Sizes of circles are proportional to number of isolates having identical genomic backgrounds, numbers adjacent to lines indicate number of polymorphism differences between each node, and numbers in parentheses indicate years. Strains 07-304 and 15-215 contain the same plasmid and differ greatly from the plasmid present in all East Bronx isolates. These plasmids have only partial identity with known plasmids in other Legionellaceae. *East Bronx outbreak samples contain 1,030 additional SNP differences caused by the presence of suspected homologous recombination events that were omitted from the final SNP analysis; †Plasmids are present in these isolates. EBC, East Bronx college; env., environmental; HS, homeless shelter; NH, nursing home.
Our findings also suggest that cooling towers colonized with L. pneumophila might contaminate other sites located nearby, leading to the possibility for an endemic strain to reestablish colonization after elimination of the organism at any single presumed source. This analysis warns us that because of the particular biologic and ecologic nature of L. pneumophila, reliance solely on 1 source of evidence (epidemiologic approaches or molecular data) might be insufficient to identify exact sources of legionellosis outbreaks.
Our extensive sampling and WGS of cooling tower isolates has shown that many cooling towers were colonized with a diverse and heterogeneous Legionella population, most of which have not caused detectable human disease. In the specific case of the South Bronx hotel cooling tower, 2 different L. pneumophila serogroup 1 strains were obtained (among 10 isolates recovered), including the strain responsible for the 2015 outbreak. This finding showed that populations of virulent clones can coexist among a wide variety of nonoutbreak strains not associated with known disease, and for which virulence has not been assessed.
It is still uncertain what triggered the LD outbreak in New York, New York, in 2015, but several factors might have contributed. Improper maintenance of cooling towers or excessive mist generated during operation could have created ideal conditions for Legionella spp. to multiply and aerosolize (33, 34) . In addition, a new Legionella subpopulation could have acquired, through mutation or recombination, new beneficial phenotypic capabilities (such as increased resistance to cleaning agents), better survival to desiccation, or enhanced aerosolization capability (35) (36) (37) . The low level of heterogeneity seen between the historical and 2015 isolates is consistent with results from a similar study of a persistent L. pneumophila serogroup 1 outbreakassociated strain in Alcoy, Spain, where it was estimated that mutation rates for L. pneumophila in cooling towers can be as low as ≈0.15 SNPs/genome/year (or 1 mutation across the entire genome every 6.7 years) (38) . This estimation raises the possibility that L. pneumophila can persist unchanged for extended periods in a dormant state until it is reactivated by favorable environmental conditions. Genome analysis of the South Bronx outbreak strain identified several variable regions, many of which are associated with virulence factors, when compared with 5 previous outbreak-associated L. pneumophila strains ( Figure  4 ). Two regions, 1 containing genes encoding an F-type IVA secretion system and 1 encoding Legionella U-box type E3 ligase/effector proteins, are also present in the 1976 Philadelphia 1 and Paris strains but absent from the other strains analyzed. The South Bronx outbreak strain F4469 also harbors an expanded isoform of the repeats in structural toxin gene (rtxA), similar to that found in the Corby and Alcoy strains. Finally, 2 genomic islands, 1 containing the hippurate hydrolysis A and B gene toxin-antitoxin system, as well as other hypothetical genes, and 1 containing mostly uncharacterized genes, were found to be unique to the South Bronx strain. BLAST (https://blast.ncbi.nlm.nih. gov/Blast.cgi) searches on these 2 regions found matches with partial homology with other L. pneumophila strains in the National Center for Biotechnology (Bethesda, MD, USA) nonredundant database. Further laboratory investigations will be required to determine the role of these islands, if any, to pathogenicity of this strain.
Our analysis showed the presence of L. pneumophila strain F4469 in the Bronx since 2007 at multiple locations associated with different outbreaks and sporadic LD. Although it is unclear what caused the identified cooling tower to contribute to so many cases, our findings suggest that a persistent and pathogenic endemic strain exists and might pose a risk for future outbreaks. Conventionally, cooling towers are believed to be seeded by municipal water distribution networks, and although this factor might be true, in a densely populated area such as New York, New York, cross-contamination between towers is a real possibility. This contamination can potentially lead to reestablishment of L. pneumophila in cooling towers after decontamination and cause long-term persistence of endemic strains in communities. Therefore, strict protocols regarding tower operation, maintenance, and cleanup, such as those mandated by recent New York State and New York City legislation, might help to minimize risks associated with locally circulating L. pneumophila strains (39, 40) .
